Ambient GABA in the brain activates GABA A receptors to produce tonic inhibition. Membrane potential influences both GABA transport and GABA A receptors and could thereby regulate tonic inhibition. We investigated the voltage dependence of tonic currents in cultured rat hippocampal neurons using patch-clamp techniques. Tonic GABA A conductance increased with depolarization from 15 Ϯ 3 pS/pF at Ϫ80 mV to 29 Ϯ 5 pS/pF at Ϫ40 mV. Inhibition of vesicular or nonvesicular GABA release did not prevent voltage-dependent increases of tonic conductance. Currents evoked with exogenous GABA (1 M) were outwardly rectifying, similar to tonic currents caused by endogenous GABA. These results indicate that the voltage-dependent increase of tonic conductance was attributable to intrinsic GABA A receptor properties rather than an elevation of ambient GABA. After transient depolarization to ϩ40 mV, endogenous tonic currents measured at Ϫ60 mV were increased by 75 Ϯ 17%. This novel form of tonic current modulation, termed postdepolarization potentiation (PDP), recovered with a time constant of 63 s, was increased by exogenous GABA and inhibited by GABA A receptor antagonists. Measurements of E GABA showed PDP was caused by increased conductance and not a change in the anion gradient. To assess the functional significance of PDP, we used voltage-clamp waveforms that replicated epileptiform activity. PDP was produced by this pathophysiological depolarization. These data show that depolarization produces prolonged potentiation of tonic conductance attributable to voltagedependent properties of GABA A receptors. These properties are well suited to limit excitability during pathophysiological depolarization accompanied by rises in ambient GABA, such as occur during seizures and ischemia.
Introduction
In many areas of the brain, ambient levels of extracellular GABA tonically activate GABA A receptors in extrasynaptic and perisynaptic locations (Semyanov et al., 2004; Farrant and Nusser, 2005) . This tonic form of inhibition is mediated by GABA A receptors distinct from those underlying phasic inhibition at synapses and represents a potent inhibitory mechanism for neurons. For example, in mature cerebellar granule cells, the total charge transfer from tonic inhibition is threefold larger than that produced by phasic inhibition (Hamann et al., 2002) . Genetic or pharmacological disruption of tonic inhibition increases firing rate of cerebellar granule cells in vitro and in vivo (Brickley et al., 2001; Chadderton et al., 2004) , produces hippocampal hyperexcitability (Maguire et al., 2005; Glykys and Mody, 2006) , promotes tonic firing of thalamocortical neurons (Cope et al., 2005) , alters cellular and behavioral correlates of learning and memory (Cheng et al., 2006; Dawson et al., 2006) , and influences anxietyrelated behaviors (Shen et al., 2007) . Additionally, the expression, localization, and function of GABA A receptor subunits underlying tonic inhibition is altered in experimental temporal lobe epilepsy (Houser and Esclapez, 2003; Peng et al., 2004; Scimemi et al., 2005; Zhang et al., 2007) , suggesting a role for tonic inhibition in epileptogenesis. Defining the regulation of tonic inhibition is therefore highly relevant to brain function in health and disease.
Phasic inhibition is rapidly modulated over seconds to minutes through changes in presynaptic release, postsynaptic GABA A receptor modulation via second messenger cascades, and alterations in chloride gradients (Staley et al., 1995; Poisbeau et al., 1999; Radcliffe et al., 1999; Cai et al., 2002; Kullmann and Semyanov, 2002; Fujiwara-Tsukamoto et al., 2007; Wanaverbecq et al., 2007) . In contrast, less is known about modulation of tonic inhibition over short time periods. The concentration of ambient GABA is influenced by vesicular GABA release at synapses, as well as both uptake and release of GABA by transporters (Wu et al., 2001 (Wu et al., , 2007 Richerson and Wu, 2003; Semyanov et al., 2003; Keros and Hablitz, 2005; Glykys and Mody, 2007) . These mechanisms regulate tonic inhibition and are sensitive to changes in ongoing neural activity. Modulation of extrasynaptic GABA A receptor behavior could also regulate tonic inhibition. Because both GABA transporters and hippocampal GABA A receptors have voltage-dependent properties (Segal and Barker, 1984; Gray and Johnston, 1985; Yoon, 1994; Richerson and Wu, 2003; Wu et al., 2007) , we investigated the effects of membrane depolarization on tonic GABA currents in rat hippocampal neurons. We find that membrane depolarization rapidly (within seconds) increases tonic GABA conductance. This increase of tonic current is independent of changes in ambient GABA or intracellular anion accumulation and is primarily attributable to intrinsic voltage-dependent properties of GABA A receptors. Finally, we demonstrate that potentiation of tonic currents by membrane depolarization persists after repolarization. This persistent effect is novel and is produced with pathophysiological forms of depolarization. These properties are well suited to provide negative feedback to neurons during periods of robust depolarization.
Materials and Methods
Cell culture. Primary hippocampal cell cultures were prepared as previously described (Gaspary et al., 1998) . In brief, 0-to 2-d-old Sprague Dawley rat pups of both sexes were decapitated, and the hippocampi were dissected. The tissue was minced in sterile-filtered, HEPES-buffered solution and then treated with a digestion solution containing papain (10 U/ml), 0.5 mM EDTA, and cysteine (0.2 mg/ml) for 15 min. The enzymetreated tissue was triturated in complete Minimum Essential Medium (MEM), trypsin inhibitor (1.5 mg/ml), and bovine serum albumin (1.5 mg/ml). Triturated cells were added to culture media (MEM/10% FBS, 100 U/ml penicillin, and 1.5 mg/ml streptomycin) and plated directly on polyornithine-coated round glass coverslips (Erie Scientific) in 12-well culture dishes at a density of 2.5-5 ϫ 10 5 cells/ml. After 1 h, medium was changed to 70% MEM/30% Neurobasal with B27 supplement (Invitrogen). Cells were maintained in an incubator (Thermo Fisher Scientific; model 3110) with a humidified environment containing 5% CO 2 in room air at 37°C. Medium was changed on days 5-6 to Neurobasal medium with B27 supplement and 1 M cytosine arabinoside (Ara-C), followed by one-half medium changes (without Ara-C) every 7 d.
Electrophysiology. Conventional whole-cell patch-clamp techniques were used to record membrane currents from neurons aged 14 -60 d in vitro. Cells were visualized with an Axiovert 200 inverted microscope with differential interference contrast optics (Carl Zeiss). Recordings were made using an Axopatch 1D amplifier, a Digidata 1440A analog-to-digital converter, and pClamp 10 software (Molecular Devices). Data were acquired at 2-5 kHz and low-pass filtered at 1 kHz. Series resistance and whole-cell capacitance were determined and compensated 50 -70% on-line; whole-cell capacitance was recorded as the compensation value from the front of the amplifier. Drug applications were made via a microperfusion device (SF-77B; Warner Instruments) connected to manifolds that allowed up to five test solutions to be applied in a single experiment. Flow through the manifolds was controlled with electronic solenoid valves (Parker Hannifin; General Valve) and step application of test solutions was controlled by pClamp software. The microperfusion device produced 90% solution exchange times of 50 -55 ms across open pipette tips. The recording chamber (RC-26; Warner Instruments) had a volume of ϳ0.3 ml and was continuously superfused at a rate of ϳ0.5 ml/min with bath solution that contained the following (in mM): 134 NaCl, 3 KCl, 1.4 NaH 2 PO 4 , 24 NaHCO 3 , 10 dextrose, 2 MgCl 2 , 2 CaCl 2 , 1-3 kynurenic acid, and 0.001 CGP 55845
The pH was 7.35-7.4 when bubbled with 95% O 2 /5% CO 2 . Osmolarity was adjusted to 305 mOsm with H 2 O. Kynurenic acid was omitted from solutions used to record spontaneous action potentials in the presence of 4-aminopyridine (4-AP). Patch electrodes were made with borosilicate glass without filament (593400; A-M Systems) using a micropipette puller (P-97; Sutter Instrument). Pipettes had resistances of 2.5-3.5 M⍀ when filled with an intracellular solution containing the following (in mM): 125 CsCl, 10 lidocaine N-ethyl bromide (QX-314) chloride salt, 10 HEPES, 1 EGTA, pH corrected to 7.25 with CsOH. Osmolarity was adjusted to 275-285 mOsm with H 2 O as needed. In experiments with low intracellular Cl Ϫ , this pipette solution was modified to include 120 mM Cs-methanesulfonic acid and 5 mM CsCl. To record action potentials in the presence of 4-AP, an intracellular solution was used that contained the following (in mM): 125 K-gluconate, 10 KCl, 10 HEPES, and 1 EGTA. All chemicals were purchased from Sigma-
piperidinecarboxylic acid (SNAP-5114) (Tocris Bioscience), and QX-314 (Alomone Labs). Data acquisition was begun 3-5 min after establishing a whole-cell recording. Experiments were performed at room temperature, typically 23°C.
Analysis. Data analysis was performed with Clampfit (pClamp 10; Molecular Devices) and Origin (version 6.1; OriginLab) software. Tonic current amplitudes were measured as the difference in mean holding current in the absence and presence of a GABA A receptor antagonist (bicuculline methiodide or 6-imino-3-(4-methoxyphenyl)-1(6 H)-pyridazinebutanoic acid [SR95531 (SR)]). The mean current values were obtained from Gaussian fits of all-point amplitude histograms of current (see Fig. 1B ). Histograms were constructed from 2-10 s of data with a bin width of 1 pA. Gaussian fits were performed using a Levenberg-Marquardt curve-fitting algorithm provided in Clampfit software. Time constants for recovery of current potentiation were determined by fitting normalized current data with a single exponential function using a least-squares curve-fitting routine provided in Origin software. The slope of conductance versus voltage plots and I-V curves were determined by fitting data with a linear equation. Chord conductance, g, was calculated from the following equation:
where I is current amplitude, E m is membrane potential, and E GABA is the reversal potential for GABA currents (a composite of the equilibrium potential for permeant anions including Cl Ϫ and HCO 3 Ϫ ). The theoretical Nernst potential for chloride was 0 mV and this value was used for the calculations of chord conductance presented in Figures 1 and 2 . In some experiments, the reversal potential of tonic currents and currents evoked with exogenous GABA were measured directly and used as E GABA . The above equation was rearranged for the calculations of current presented in Figure 9C . Data in Figure 5E were fit with a Boltzmann equation of the following form:
where I/I control is normalized current, q is the effective gating charge, V is membrane potential, V 0.5 is the apparent half-maximal voltage, k is the Boltzmann constant, and T is temperature in Kelvin. Under our conditions, the term kT was ϳ25.6 V ⅐ C. We calculated the percentage inhibition for postdepolarization potentiation (PDP) of tonic currents produced by bicuculline as follows: % Inhibition ϭ [1 Ϫ (%PDP Bic / %PDP Con )] ϫ 100, where %PDP Bic and %PDP Con are percentage potentiation of tonic currents seen after depolarization in the presence of bicuculline or under control conditions, respectively. Data values are presented as mean Ϯ SEM, and all error bars represent SEM. Statistical analyses were performed using Microsoft Excel. A twotailed, paired or homoscedastic Student t test was used, with a p value of 0.05 considered to be significant. Where appropriate, the actual p values are reported.
Results

Voltage dependence of tonic GABA conductance
The voltage dependence of tonic inhibition was evaluated in cultured hippocampal neurons by measuring tonic current amplitude over a range of membrane potentials from Ϫ100 to ϩ40 mV. Attention was focused on larger neurons (whole-cell capacitance range, 43-100 pF), and recording conditions were designed to isolate GABA A receptor currents. Representative current traces recorded at Ϫ40 and ϩ40 mV during bicuculline application are presented in Figure 1 A. Tonic current amplitude was defined as the change in mean holding current induced by application of 10 M bicuculline. Mean holding current was determined from Gaussian fits to all-points amplitude histograms constructed from segments of current data (Fig. 1 B) . Bicuculline was applied within 30 s of changing membrane potential. As shown previously, there was a significant amount of tonic current in cultured neurons (Wu et al., 2001 ). Because neurons were continuously superfused by bath solution, this presumably resulted from activation of GABA A receptors by ambient GABA that was trapped between the recorded neurons and other neurons, glia, or the culture dish. Tonic currents were outwardly rectifying, seen by comparing currents measured at ϩ40 and Ϫ40 mV ( Fig. 1 A, B ) (E C1 ϳ 0 mV) and in the I-V curve for tonic current (Fig. 1C) . Tonic current amplitudes in Figure 1C are the mean of one to three measurements at each potential. Calculation of chord conductance (using the theoretical E Cl value of 0 mV as E GABA ) showed that tonic GABA conductance increased in a near-linear manner with membrane depolarization (Fig. 1 D) . Summary data for current and conductance (normalized to membrane capacitance) also showed outward rectification and a near-linear increase in conductance ( Fig. 1 E, F ) (n ϭ 12 cells). The mean specific conductance was 15 Ϯ 3 pS/pF at Ϫ80 mV and 29 Ϯ 5 pS/pF at Ϫ40 mV ( p Ͻ 0.01). On average, tonic GABA conductance of hippocampal neurons increased with depolarization by 0.32 pS ⅐ pF Ϫ1 ⅐ mV Ϫ1 (Fig. 1 F) .
The prolonged membrane depolarization used above to measure tonic current could potentially produce changes in intracellular Cl Ϫ and HCO 3 Ϫ concentrations. This could increase current amplitude through changes in electrochemical driving force rather than an actual increase in conductance. To evaluate this possibility, cells were held at Ϫ60, Ϫ20, and ϩ40 mV for 2-3 min and then given voltage ramps (Ϫ60 to ϩ40 mV over 2.5 s) before and during bicuculline exposure. Point-by-point subtraction of these records yielded the "bicuculline-sensitive" ramp current and allowed determination of tonic current reversal potential (i.e., E GABA ) (data not shown). The reversal potential for tonic current was not significantly different when measured from holding potentials of Ϫ60, Ϫ20, or ϩ40 mV (Ϫ0.1 Ϯ 0.8, 0.1 Ϯ 1.0, and 2.0 Ϯ 0.9 mV, respectively; n ϭ 8; p values of 0.81 and 0.13). Thus, changes in E GABA cannot account for the increased tonic current amplitudes seen with depolarization. For changes in driving force alone to account for the increased tonic current amplitude seen with depolarization from Ϫ40 to ϩ40 mV in the neuron in Figure 1 , A and B, E GABA would have needed to shift by ϩ24 mV (much larger than the insignificant shift of ϩ2 mV seen experimentally).
Similar results were obtained using SR (100 M) as the GABA A receptor antagonist to measure tonic current. Tonic currents measured with SR were outwardly rectifying and the capacitancespecific conductance increased during depolarization with a slope of 0.21 pS ⅐ pF Ϫ1 ⅐ mV Ϫ1 (n ϭ 4). The mean capacitancespecific tonic conductance seen with SR was 8 Ϯ 2 and 15 Ϯ 4 pS/pF at Ϫ80 and Ϫ40 mV, respectively. Although the capacitance-specific conductance seen in experiments with SR was lower than values obtained with bicuculline, with either antagonist there was an approximately twofold increase in tonic conductance when cells were depolarized from Ϫ80 to Ϫ40 mV. Because these data with SR were obtained from a different subset of neurons than those with bicuculline, it is not possible to directly compare the absolute conductance between the two datasets. The lower conductance seen with SR may be attributable to variability between hippocampal cultures.
Effect of reducing vesicular and nonvesicular GABA release on the voltage dependence of tonic currents
The increase in tonic conductance seen with depolarization could be attributable to elevated ambient [GABA] . Ambient GABA may increase during membrane depolarization through reduction of driving force for GABA uptake into the recorded neuron or nonvesicular release of GABA by reversal of GABA transport Wu et al., 2007) . Because there was no GABA in our intracellular recording solution, nonvesicular release from the depolarized neuron was not expected to occur, but it is possible that depolarization would reduce GABA uptake. To assess the contribution of GABA transporters to the voltage dependence of tonic inhibition, we measured tonic current in the presence of the GAT1 inhibitor SKF. SKF inhibits GABA transport in these neurons with an IC 50 of 1.3 M, and Ͼ80% inhibition is produced by 10 M (Wu et al., 2007) . To ensure maximal block of GABA transport, we used a high concentration of SKF (40 M). The current response to exogenous GABA (0.5 M) was not affected by 40 M SKF (104 Ϯ 8% of control; n ϭ 7; p ϭ 0.65) (data not shown), indicating that SKF did not act directly on GABA A receptors. As previously reported (Rossi et al., 2003; Wu et al., 2003) , application of SKF induced an inward current that reached a peak within 15-20 s (average peak amplitude of Ϫ283 Ϯ 68 pA; n ϭ 6) and decayed to a steady state within 60 s. This inward current was completely blocked by bicuculline (10 M), indicating that it was caused by elevated ambient GABA acting on GABA A receptors ( Fig. 2A) . At Ϫ60 mV, tonic current density was reversibly increased by SKF from Ϫ0.91 Ϯ 0.11 to Ϫ2.05 Ϯ 0.15 pA/pF (n ϭ 6; p Ͻ 0.01). Mean current density and capacitance-specific conductance from cells studied with SKF are plotted against voltage in Figure 2 , B and C. In the presence of SKF, tonic currents displayed outward rectification and the near-linear relationship between tonic conductance and membrane potential seen under control conditions persisted. The specific conductance in the presence of SKF increased from 29 Ϯ 3 to 46 Ϯ 9 pS/pF when neurons were depolarized from Ϫ80 to Ϫ40 mV. The solid lines in Figure 2C are linear fits to the data with slopes of 0.31 pS ⅐ pF Ϫ1 ⅐ mV Ϫ1 and 0.33 pS ⅐ pF Ϫ1 ⅐ mV Ϫ1 for control and SKF, respectively. Thus, there was a shift in conductance to higher levels because of increased ambient [GABA] , without a change in the voltage dependence. The GAT-3 inhibitor SNAP-5114 (100 M) alone or in combination with SKF did not affect the voltage dependence of tonic current (n ϭ 3) (data not shown).
Vesicular release of GABA also regulates tonic current amplitude (Glykys and Mody, 2007) . Depolarization of a recorded neuron could increase vesicular release from the same neuron or from neighboring cells. The inclusion of QX-314 in our pipette solution would limit action potential-mediated vesicular release of GABA from recorded neurons. Furthermore, recordings were made from large, pyramidal-appearing neurons so most neurons studied were probably not GABAergic. In hippocampal neurons, evoked IPSCs between neuron pairs are completely blocked by zero extracellular Ca 2ϩ (Wu et al., 2006) . The frequency and amplitude of miniature IPSCs are also greatly reduced in the absence of extracellular Ca 2ϩ to 25 and 18% of control, respectively (Wu et al., 2006) , and the residual vesicular release is not increased by depolarization. To ensure that tonic conductance was not increased by depolarization as a result of evoked vesicular GABA release, tonic current was measured in bath solution containing 1 mM EGTA and no Ca 2ϩ (Fig. 2 D) . In contrast to the reduction of phasic currents, tonic current amplitude was unchanged in zero Ca 2ϩ /1 mM EGTA ( Fig. 2 E, F ) nor was the outward rectification and voltagedependent increase of tonic conductance, implying that these phenomena were not caused by depolarization-evoked vesicular release of GABA. These experiments also excluded a contribution of Ca 2ϩ entry via voltage-gated calcium channels to the voltage dependence of tonic currents.
Voltage dependence of current evoked with exogenous GABA Inhibition of GABA transport or vesicular GABA release did not affect the increase in tonic current with depolarization, suggesting that this was not attributable to an elevation of ambient [GABA] . To assess the voltage dependence of GABA A receptors, exogenous GABA (1 M) was applied to neurons held at a range of membrane potentials (Ϫ100 to ϩ40 mV). Current amplitude was measured early during GABA application (near peak current at Ϫ60 mV) and near steady state. As previously reported for hippocampal neurons (Segal and Barker, 1984; Ashwood et al., 1987; Yoon, 1994; , GABAevoked currents were outwardly rectifying (Fig. 3) . The outward rectification was most pronounced when currents were measured at the end of a 10 s GABA application ( Fig. 3 B, C) . A GABA concentration of 1 M is not selective for extrasynaptic/perisynaptic receptors that mediate tonic currents, but the steady-state currents induced by this level of GABA are most relevant to tonic activation of these receptors. These data also show an acceleration of desensitization with hyperpolarization and slow, continuous activation of current at ϩ40 mV (Fig. 3A) (Yoon, 1994) . This latter feature was seen with GABA concentrations of 1-30 M.
To compare the voltage dependence of endogenous tonic currents and currents evoked with exogenous GABA, we calculated the ratio of current at ϩ40 mV to current at Ϫ40 mV (i.e., rectification ratio) (Fig. 3D) . The rectification ratio of currents evoked with exogenous GABA (1 M) ranged between 1.93 Ϯ 0.2 for currents measured early during GABA application (near peak current at Ϫ60 mV) to 3.35 Ϯ 0.5 for currents measured near steady state (n ϭ 5). These values were not significantly different from endogenous tonic currents under control conditions (rectification ratio, 2.56 Ϯ 0.3; range, 1.63-4.37; n ϭ 12). No significant changes in rectification ratio of tonic currents were seen in the presence of SKF (1.89 Ϯ 0.1; range, 1.58 -2.48; n ϭ 6; p ϭ 0.11) or with zero Ca 2ϩ /1 mM EGTA (2.78 Ϯ 0.5; range, 1.70 -4.73; n ϭ 6; p ϭ 0.90) compared with control conditions. The (Wu et al., 2006) , phasic currents were reduced by zero extracellular Ca 2ϩ , but tonic currents were not (amplitudes of illustrated tonic currents were Ϫ31 pA for control and Ϫ38 pA for zero Ca 2ϩ ). Holding potential was Ϫ60 mV. E, Tonic current density versus voltage for experiments with zero Ca 2ϩ /1 mM EGTA (n ϭ 6). F, Capacitance-specific conductance versus voltage for all neurons tested in zero Ca 2ϩ /1 mM EGTA. The symbols are the same as in E. The voltage-dependent increase in tonic conductance was independent of extracellular Ca 2ϩ . The slopes of the solid lines are 0.30 and 0.23 pS/pF ⅐ mV Ϫ1 for control and zero Ca 2ϩ , respectively. Error bars represent SEM. similar outward rectification of endogenous tonic currents and currents evoked with exogenous GABA is consistent with the voltage dependence of tonic currents being primarily attributable to intrinsic properties of extrasynaptic GABA A receptors rather than to elevation of ambient GABA.
PDP of GABA currents
While examining the voltage dependence of GABA current, it was found that, after GABA was applied at ϩ40 mV, subsequent GABA currents at Ϫ60 mV were increased. To characterize this effect, repeated applications of GABA (1 M) were made every 30 s at a holding potential of Ϫ60 mV. After a stable baseline was established, GABA was applied while neurons were depolarized to ϩ40 mV (total depolarization time was 15 s). Neurons were then repolarized to Ϫ60 mV and the GABA response was measured again (Fig. 4 A) . On average, the peak and steady-state current amplitudes measured 30 s after repolarization were increased by 55 Ϯ 7 and 52 Ϯ 9%, respectively (n ϭ 5). This PDP of GABA current persisted for up to 120 s in some cells (Fig. 4 A) . Recovery from PDP followed an exponential time course. The time constant for recovery of PDP was estimated by normalizing current at Ϫ60 mV to baseline values and fitting a single exponential function to these data (Fig. 4 B) . The time constant for recovery of PDP was 25 s for the experiment illustrated (Fig.  4 A, B) and was the same for summary data from five cells (Fig.  4C) . PDP was concentration dependent. With 3 M GABA, steady-state currents measured 30 s after repolarization were potentiated by 131 Ϯ 9% (n ϭ 4) compared with 52 Ϯ 9% with 1 M GABA (n ϭ 5; p Ͻ 0.05). PDP was also seen with low intracellular Cl Ϫ (15 mM) and HCO 3 -free (HEPES buffer) bath solution (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Experiments with low intracellular Cl Ϫ were performed with 3 M GABA. PDP with low intracellular Cl Ϫ averaged 161 Ϯ 35% (n ϭ 5), which was not different from PDP seen with 3 M GABA and 135 mM intracellular Cl Ϫ (131 Ϯ 9%; n ϭ 4; p ϭ 0.48) (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material).
Time and voltage dependence of PDP
To determine the minimum duration of depolarization required to potentiate GABA currents, neurons were depolarized to ϩ40 mV for 1-4.5 s during GABA application (Fig. 5A) . Current was measured 1.5 s after repolarization to Ϫ60 mV and normalized to current at the corresponding time point during GABA application without depolarization. With 1 M GABA, the mean potentiation was 11 Ϯ 9 and 82 Ϯ 19% after depolarization of 1 and 4.5 s, respectively (n ϭ 4) (Fig. 5B) . For the cell shown in Figure  5A , current after a 2.5 s depolarization was larger than the peak current produced by GABA application alone, suggesting that PDP was not simply reversal of desensitization.
The voltage dependence of PDP was examined by depolarizing neurons from a holding potential of Ϫ60 mV to voltages between Ϫ30 and ϩ30 mV (10 mV steps; 6.5 s duration) during GABA application (3 M) (Fig. 5C,D) . Current was measured 1.5 s after repolarization to Ϫ60 mV and normalized to control current. Current potentiation was 13 Ϯ 3% (n ϭ 4) after depolarization to Ϫ30 mV even though the current continued to desensitize, suggesting that potentiation represents a different process than reversal of desensitization. Current potentiation increased progressively with greater depolarization reaching 99 Ϯ 19% at ϩ30 mV (Fig. 5E) . PDP was seen after depolarization to voltages at which little net current flow occurred (i.e., Ϫ10 to ϩ10 mV), implying that PDP of GABA current was independent of intracellular anion accumulation during depolarization (see below).
PDP of tonic currents
PDP of tonic currents was investigated with continuous application of a low concentration of exogenous GABA (0.3 M) to provide more selective activation of high-affinity extrasynaptic/ perisynaptic GABA A receptors. The use of exogenous GABA would also minimize any contribution of voltage-dependent alterations in ambient [GABA] to PDP. Application of 0.3 M GABA increased tonic current by Ϫ314 Ϯ 42 pA (n ϭ 11). Tonic current was measured at Ϫ60 mV with repeated application of bicuculline (10 M; ϳ5 s) (Fig. 6 A) . After establishing a baseline, neurons were depolarized to ϩ40 mV for 30 s, and tonic current was again measured after repolarization (Fig. 6 A) . Tonic current at Ϫ60 mV was increased by transient depolarization in all cells tested (n ϭ 11). Over the duration of a typical experiment (15-20 min), there was a progressive reduction in tonic current amplitude to Ϫ159 Ϯ 18 pA, apparently because of rundown and/or desensitization of extrasynaptic GABA A receptors (Fig. 6 A, B) . To account for this rundown/desensitization, tonic currents were normalized to the value preceding each depolarization. Peak potentiation under control conditions (measured 3-8 s after repolarization) averaged 122 Ϯ 13% (range, 57-240%; n ϭ 11). Current rundown/desensitization was not associated with a reduction in PDP ( p ϭ 0.44 for comparison of first and second control depolarizations; n ϭ 11). PDP of tonic current recovered with a time course well described by a single exponential function (Fig. 6 B) . The time constant for recovery averaged 45 Ϯ 4 s (range, 23-78 s; n ϭ 11). PDP of tonic currents also occurred with smaller depolarizations to Ϫ20 mV (37 Ϯ 12%; n ϭ 4) (data not shown).
PDP was attenuated when neurons were depolarized in the presence of the GABA A receptor antagonists SR or bicuculline (Fig. 6 A-C) . Wash of these antagonists began 1-3 s before repolarization, and care was taken to allow complete wash of the antagonists before measuring tonic current (for example, see Fig.  6C , right panel). Wash of SR was slower than bicuculline but was still complete within 10 s. Because of this, PDP was measured at variable times after depolarization with antagonists. To compare PDP under control conditions and after depolarization in the presence of antagonists, normalized tonic currents were aligned so that repolarization occurred at t ϭ 0 (Fig. 6 D) . With this method, it can be seen that SR application during depolarization reduced PDP for Ͼ60 s after repolarization (Fig. 6 D) , much longer than the time required for wash of SR. Mean potentiation is plotted as a function of time after repolarization in Figure 6 , E and F. The first measurement of PDP after depolarization in the presence of SR was significantly reduced compared with both the first and second measurements under control conditions (n ϭ 5; p Ͻ 0.01) (Fig. 6 E) . With bicuculline, PDP was also significantly reduced at all three time points compared with the corresponding control measurements ( p Ͻ 0.01; n ϭ 6). If incomplete wash of bicuculline after the prolonged application was the cause of PDP antagonism, then the percentage inhibition of PDP by bicuculline is predicted to decrease with time (as drug washed off). The percentage inhibition produced by bicuculline for the first, second, and third measurements of tonic current after repolarization was 62 Ϯ 12, 66 Ϯ 12, and 83 Ϯ 16% (n ϭ 6). The trend for greater inhibition at the third measurement was not significant ( p ϭ 0.11). Thus, the reduction in PDP during application of antagonists was not attributable to incomplete washout of the drugs. The time constants for recovery of PDP after depolarization in the presence of SR (66 Ϯ 17 s; n ϭ 5) or bicuculline (47 Ϯ 8 s; n ϭ 6) were not significantly different from control (45 Ϯ 4 s; n ϭ 11; p ϭ 0.34 and 0.89, respectively).
Tonic current caused by endogenous GABA was also persistently potentiated by depolarization (Fig. 7) . In the absence of any exogenous GABA, tonic current was increased by Ͼ10% in re- Figure 5 . PDP of GABA current was time and voltage dependent. A, Current responses to GABA (1 M) with step depolarizations of increasing duration. Duration of initial depolarization was 1 s and increased by 0.5 s with each subsequent trial (not all traces shown; illustrated traces are for 0, 1.5, 2.5, 3.5, and 4.5 s of depolarization). A progressive increase in current amplitude was seen on repolarization as the duration of the preceding depolarization increased. The bottom panel shows command potentials. Note that the current after 2.5 s of depolarization was larger than the peak current produced by GABA alone. B, Mean potentiation of current as a function of depolarization duration. Current was measured 1.5 s after repolarization and normalized to current values at corresponding time point of control trace (Ϫ60 mV) from experiments as in A (n ϭ 4). C, GABA-evoked currents (3 M) with step depolarization to a range of potentials from Ϫ30 to ϩ30 mV. Current at Ϫ60 mV was potentiated by transient depolarization to Ϫ30 mV (compared with control current recorded at Ϫ60 mV) and increased progressively as the magnitude of the preceding depolarization increased. D, Data from C on expanded timescale illustrating the current increase seen on repolarization. Labels refer to value of preceding depolarization (Ϫ60 mV is control). E, Mean normalized current at Ϫ60 mV as a function of prepulse potential. Current was measured 1.5 s after repolarization and normalized to corresponding time point of control trace (n ϭ 4). Data are from experiments as in C. The solid line represents a Boltzmann equation fit to the data; the apparent half-maximal voltage (V 0.5 ) for PDP of GABA current was ϩ10 mV. Error bars represent SEM.
sponse to transient depolarization in 67% (8 of 12) of cells tested, compared with 100% (11 of 11) of cells tested with 0.3 M exogenous GABA. In cells that displayed PDP with endogenous GABA (defined as a Ͼ10% increase in current), the peak potentiation (75 Ϯ 17%; range, 32-165; n ϭ 8) was smaller than seen with 0.3 M GABA (121 Ϯ 13%; n ϭ 11; p ϭ 0.04). PDP with endogenous GABA recovered with a mean time constant of 63 Ϯ 15 s (Fig. 7B) (range, 25-135 s; n ϭ 8) and was antagonized by SR (100 M) exposure during depolarization (Fig. 7C) . Transient application of exogenous GABA (1 M) for 5 s during neuronal depolarization only enhanced the subsequent PDP of endogenous tonic currents that occurred on repolarization (Fig. 7C) . PDP of endogenous tonic current was also seen in the presence of SKF (40 M) (153 Ϯ 53% potentiation; n ϭ 5) and in solutions with zero Ca 2ϩ /1 mM EGTA (52 Ϯ 2% potentiation; n ϭ 4) (data not shown).
PDP resulted from increased GABA conductance
The outward current produced by GABA A receptor activation at ϩ40 mV represents an inward movement of anions and could lead to intracellular anion accumulation. The contribution of intracellular anion accumulation (and changes in electrochemical driving force) to PDP was evaluated by recording membrane currents in response to voltage ramps in the presence and absence of exogenous GABA (1-3 M) (Fig. 8 A) . Difference currents were obtained by subtracting these records and used to determine the reversal potential of GABA-evoked currents (i.e., E GABA ). To reproduce the timing previously used to measure PDP (Fig. 4 A) , difference currents were determined at baseline (t ϭ Ϫ30 s) and then 30 s after GABA application at ϩ40 mV (t ϭ 30 s) (Fig. 8 B) . Chord conductance at Ϫ60 mV was calculated using the measured value of E GABA . We also determined slope conductance from ramp currents using a linear fit to data between Ϫ60 and Ϫ10 mV. For the experiment illustrated in Figure 8C , E GABA was Ϫ3.0 mV before depolarization. Thirty seconds after GABA was applied at ϩ40 mV, E GABA was shifted to ϩ3.6 mV, indicating intracellular anion accumulation. The chord conductance was 17.2 nS under baseline conditions and 32.2 nS after depolarization, an 87% increase. Similar values were obtained from the slope conductance (a parameter that is independent of E GABA ; values indicated in Fig. 8C ). On average, E GABA shifted from Ϫ4.9 Ϯ 0.9 mV at baseline to ϩ2.9 Ϯ 0.9 mV postdepolarization (n ϭ 5). Thus, the increased current during PDP cannot be accounted for simply by changes in driving force because of anion accumulation.
PDP of conductance was also seen with physiological intracellular Cl Ϫ concentration ([Cl Ϫ ] in ϭ 15 mM) (Fig. 8 D) . With this lower [Cl Ϫ ] in , E GABA was Ϫ59.8 Ϯ 2 mV at baseline and shifted to Ϫ28.5 Ϯ 5 mV 30 s after GABA (3 M) was applied to depolarized Figure 6 . PDP of tonic currents. A, Tonic currents in the presence of low levels of exogenous GABA (0.3 M). Upward deflections (e.g., the one indicated by solid arrow) represent response to 10 M bicuculline (Bic) used to measure tonic current amplitude. Tonic current at Ϫ60 mV was increased by transient depolarization to ϩ40 mV (large upward deflections). This increase was attenuated when depolarization occurred in the presence of the GABA A receptor antagonists SR (100 M) or Bic (10 M). B, Tonic current amplitude from experiment in A. The solid lines represent single exponential fits, and time constants () for recovery after each depolarization are indicated. The lowercase letters refer to sequentially labeled depolarizations in A. Note the progressive rundown of tonic current over duration of experiment (dashed line), which was seen in 11 of 11 cells studied with 0.3 M GABA. C, PDP of tonic currents under control conditions (left panel) and when depolarization occurred in the presence of SR (right panel) on expanded timescale (different neuron than in A and B). Wash off of SR occurred in Ͻ10 s and was complete before measuring tonic current with Bic. D, Normalized tonic current from data in C. Data were normalized to value immediately preceding each depolarization and aligned so that repolarization occurred at t ϭ 0. The gray bar indicates period of depolarization to ϩ40 mV. PDP induced in the presence of SR was reduced compared to control for 1 min after repolarization, much longer than the time required for wash of SR. The solid lines are single exponential fits to data with indicated time constants. E, Mean potentiation of tonic current versus time after repolarization for experiments with and without SR. Peak PDP with SR was significantly reduced compared with both the first and second measurements under control conditions ( p Ͻ 0.01; n ϭ 5). F, Potentiation of tonic current versus time after repolarization for experiments with and without Bic. PDP induced in Bic was significantly reduced compared with each corresponding control measurement ( p Ͻ 0.01; n ϭ 6). Error bars represent SEM. Figure 8 D increased from 13 nS at baseline to 33 nS at t ϭ 30. Both slope and chord conductances were significantly increased after GABA A receptor activation at ϩ40 mV with high or low intracellular Cl Ϫ concentrations ( p Ͻ 0.05; n ϭ 5 cells at each Cl Ϫ concentration) (Fig. 8 E, F ) . In experiments with low [Cl Ϫ ] in , chord conductance was calculated at Ϫ70 mV and slope conductance was determined with linear fits to data from Ϫ70 to Ϫ20 mV. PDP of GABA conductance was also seen in HCO 3 Ϫ -free bath solution (HEPES). The average chord conductance at Ϫ70 mV increased from 16.6 nS at baseline to 33.1 nS after depolarization in HEPES (n ϭ 2). There was no significant difference between the potentiation of slope conductance with low [Cl Ϫ ] in (mean, 86 Ϯ 26%; range, 23-154%; n ϭ 5) and high [Cl Ϫ ] in (mean, 51 Ϯ 13%; range, 20 -94%; n ϭ 5; p ϭ 0.34).
neurons (n ϭ 5). Slope conductance of the neuron in
Because PDP of GABA current was observed within seconds of repolarization (Fig. 5A) , it is possible that anion accumulation at these time points could be larger than that measured 30 s after repolarization. To evaluate this, chord conductance was measured before and after step depolarization in the presence of GABA (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). These data indicate that, 1 s after repolarization, when anion accumulation should be maximal, PDP was associated with absolute increases in conductance.
Time course for PDP of tonic conductance
To determine the time course of tonic conductance changes produced by depolarization, we simultaneously measured reversal potential and tonic current amplitude in the presence of 0.3 M exogenous GABA. A voltage ramp protocol (Ϫ30 to ϩ30 mV over 500 ms) was repeated every 10 s from a holding potential of Ϫ60 mV. Bicuculline was applied at 30 -50 s intervals, and traces recorded in the presence of bicuculline were averaged and subtracted from control sweeps to yield tonic current amplitudes at Ϫ60 mV and bicuculline-sensitive ramp currents. Figure 9A illustrates bicuculline-sensitive ramp currents recorded during a baseline period at Ϫ60 mV, during depolarization to ϩ40 mV, and then after repolarization to Ϫ60 mV (times of ramp currents indicated in figure) . During depolarization, there was a progressive shift of reversal potential (i.e., E GABA ) toward positive voltages that stabilized near ϩ6 mV after 110 s of depolarization to ϩ40 mV (experiment time of 260 s) (Fig. 9 A, B) . On return to Ϫ60 mV, E GABA recovered toward control values over several minutes. Tonic conductance increased in parallel to E GABA during depolarization to ϩ40 mV and continued to increase after E GABA approached a plateau (Fig. 9B) . Tonic conductance of the cell illustrated in Figure 9 peaked at 19.1 nS during depolarization and underwent a rapid drop to 8.7 nS on return to Ϫ60 mV, but remained above the baseline value of 3.2 nS. PDP of tonic conductance after this prolonged (150 s) depolarization recovered to baseline with a time constant of 104 s (Fig. 9B) . Similar results were obtained from other cells studied in this manner (n ϭ 4).
To assess the contribution of anion accumulation to PDP, we calculated the theoretical changes in tonic current that would result solely from shifts in E GABA for comparison to the observed changes in tonic current. Without any change in conductance, tonic current would decrease during depolarization as intracellular Cl Ϫ / HCO 3 Ϫ accumulated (Fig. 9C, solid line) . This is in contrast to the slow increase in tonic current seen experimentally (Fig. 9C, open  circles) . Immediately after repolarization, tonic current would be increased by only 45 pA if there was only a shift of E GABA without conductance changes, a small increase compared with the observed increase in tonic current of 425 pA. Conversely, using experimentally determined chord conductance values, we calculated the theoretical tonic current that would have resulted if E GABA remained constant (Fig. 9C, solid triangles) . Given a chord conductance of 8.7 nS at the peak of PDP (I tonic ϭ Ϫ590 pA; E GABA ϭ ϩ7.6 mV), the peak tonic current would be Ϫ463 pA if E GABA had remained constant at Ϫ7 mV. These calculations indicate that an increase in conductance was the dominant reason for the increase in current, and changes in electrochemical driving force caused by anion accumulation contributed no more than 10 -30% to PDP of tonic current.
PDP was independent of direct effects of elevated intracellular Cl
؊ on GABA A receptors The results presented above demonstrate an absolute increase in whole-cell conductance during PDP of GABA current, independent of driving force changes caused by anion accumulation (Chabwine et al., 2004) . In addition to effects on driving force, elevations of [Cl Ϫ ] can directly increase the unitary conductance of GABA A receptors (Bormann et al., 1987; Fatima-Shad and Barry, 1993) . The similarity between the time course for recovery of E GABA and conductance during PDP seen in Figure 9B raised the possibility that modulation of single-channel conductance by Cl Ϫ ions contributed to PDP. To evaluate this possibility, we measured GABA currents (1 M) at Ϫ60 mV every 30 s before and after GABA was applied during depolarization. In these experiments, however, GABA was coapplied to depolarized neurons with a low Cl Ϫ bath solution (Na-methanesulfonate substitution for NaCl, 3 mM Cl Ϫ ) so that GABA would produce inward currents (outward movements of anions) even at ϩ40 mV (Fig. 10) . A transient outward current was seen at ϩ40 mV as the low Cl Ϫ solution washed off while the receptors were still deactivating. The net charge movement induced by GABA in low Cl Ϫ solutions was determined by integrating baseline-adjusted traces recorded at ϩ40 mV. The net charge movement produced Figure 7 . PDP of endogenous tonic currents. A, Tonic currents caused by endogenous GABA before and after depolarization to ϩ40 mV. Period of depolarization is clipped to display the PDP of tonic current. Upward deflections (e.g., the one indicated by arrow) are the response to 10 M bicuculline (Bic). B, Time course of normalized tonic current from A. The solid line is a single exponential fit with indicated time constant. C, Summary of peak PDP for tonic current caused by endogenous GABA. Depolarization in the presence of 100 M SR attenuated PDP of endogenous tonic currents. PDP of endogenous tonic currents was increased by a 5 s application of exogenous GABA (1 M) during the period of depolarization only (GABA). **p Ͻ 0.01; *p Ͻ 0.05. Error bars represent SEM.
by this procedure averaged Ϫ2.0 Ϯ 0.5 nC (n ϭ 7), indicating a net outward movement of anions despite the transient outward current seen with solution exchange during receptor deactivation (Fig. 10 A) . PDP still occurred after GABA receptor activation in low Cl Ϫ solution (39 Ϯ 6%; n ϭ 7), indicating that anion accumulation is unnecessary for the production of PDP (Fig. 10 B) . The amount of PDP seen with low Cl Ϫ solutions was not significantly different from that in cells on the same coverslips using normal bath solution (42 Ϯ 4%; n ϭ 3; p ϭ 0.80). Transient depolarization alone (without GABA application) also potentiated GABA currents at Ϫ60 mV (16 Ϯ 6%; n ϭ 3), but this was reduced compared to that seen with GABA application during depolarization in normal or low Cl Ϫ bath solution in cells from the same coverslips ( p ϭ 0.02 and 0.05, respectively) ( Fig. 10 B) . Depolarization alone did not affect E GABA (see above). These data support the conclusion that PDP resulted primarily from direct effects of membrane potential on GABA A receptor function rather than the effects of anion accumulation on driving force and single-channel conductance. Macroscopic GABA currents in outside-out patches also underwent PDP, adding additional support to the conclusion that PDP resulted from intrinsic receptor properties independent of anion redistribution or cellular factors (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material).
Potentiation of extrasynaptic GABA A receptors during epileptiform activity
To determine whether a physiological or pathophysiological pattern of depolarization can cause PDP of GABA A receptors, we recorded spontaneous epileptiform bursts during current-clamp experiments in the presence of 4-aminopyridine (100 M) (Fig. 11 A) . We then used this waveform as a voltage-clamp command. This waveform had a maximum action potential frequency of 40 Hz and mean membrane potential of Ϫ25 mV. When this stimulus was used during application of exogenous GABA (1-10 M), current was potentiated after repolarization (Fig. 11 B) . Current was measured 0.2 and 2 s after the depolarizing stimulus and compared with control current (with no depolarization). Two hundred milliseconds after the depolarizing stimulus, currents were increased by 40.5 Ϯ 9 and 125 Ϯ 25% with 1 and 10 M GABA, respectively (Fig. 11C ) (n ϭ 4 cells at each concentration; p Ͻ 0.01). Tonic currents induced by 0.3 M exogenous GABA were also potentiated (defined as Ͼ10% increase) by the pathophysiological depolarizing stimulus in 7 of 10 cells (Fig. 11 D, E) . Tonic currents were increased by 21 Ϯ 3 and 5 Ϯ 4% when measured 2 and 20 s after the depolarizing stimulus, respectively (Fig. 11 F) (n ϭ 7) . Similar to results with step depolarizations, the frequency of PDP with epileptiform depolarization was greater in the presence of exogenous GABA. With endogenous GABA, PDP of tonic currents was seen in only 3 of 10 neurons after epileptiform depolarization, consistent with the smaller magnitude of PDP seen with lower GABA concentrations. Although the potentiation seen with epileptiform bursts was smaller than that produced with step depolarization, these results demonstrate that persistent, voltage-dependent changes in the function of GABA A receptors underlying tonic conductance are likely to occur during pathophysiological neuronal discharges.
Discussion
We describe substantial modulation of tonic GABA A receptormediated current by membrane potential over a physiological range, with approximately twofold increase in tonic conductance Figure 8 . PDP of GABA current resulted from increased conductance. A, Membrane currents in response to voltage ramps before (control) and after GABA application (1 M). The GABA-evoked ramp current ("difference current") was obtained from point-bypoint subtraction of these data for determination of reversal potential (i.e., E GABA ) and slope conductance. B, Schematic of experimental protocol. Difference currents were obtained with voltage ramps 30 s before (t ϭ Ϫ30 s) GABA was applied to a neuron depolarized to ϩ40 mV (t ϭ 0) and then 30 s after this depolarization (t ϭ 30 s). C, GABA-evoked ramp currents during PDP. Difference currents are plotted as a function of voltage in the left (t ϭ Ϫ30 s) and right (t ϭ 30 s) panels. The middle panel shows GABA response at ϩ40 mV (t ϭ 0). Slope conductance was determined from a linear fit to current between Ϫ60 and Ϫ10 mV (solid lines in left and right panels). Chord conductance was calculated using the measured E GABA (indicated in figure) and current at Ϫ60 mV. Voltage ramps were given ϳ2 s into GABA applications. Slope and chord conductance were both increased by depolarization (values in figure) . D, GABA-evoked (3 M) ramp currents from a neuron recorded with pipette solution containing 15 mM Cl Ϫ . The protocol is the same as in B and C. E GABA shifted from Ϫ57 mV at baseline (t ϭ Ϫ30 s) to Ϫ32 mV after depolarization (t ϭ 30 s). Slope conductances are indicated in figure. E with depolarization from Ϫ80 to Ϫ40 mV. Voltage-dependent increases of tonic conductance were independent of GABA release, and currents evoked with exogenous GABA were outwardly rectifying, indicating that the voltage dependence of tonic inhibition is primarily attributable to intrinsic GABA A receptor properties rather than increased ambient [GABA] . A novel finding is that augmentation of tonic currents by voltage persists on repolarization, a phenomenon we have termed PDP. This study adds to the mechanisms by which depolarization produces persistent changes in GABA A current, including alterations of Cl Ϫ gradients (Chabwine et al., 2004) , internalization of receptors (Goodkin et al., 2008) , and interactions between receptors and GABA A R-associated protein (GABARAP) (Kawaguchi and Hirano, 2007) .
Contribution of anion shifts to PDP of GABA A receptors GABA A receptor activation affects intracellular Cl Ϫ concentration (Staley et al., 1995; Isomura et al., 2003) . Our conclusion that PDP results from direct effects of voltage on GABA A receptor function depends on assessing the consequences of altered electrochemical driving force for Cl Ϫ /HCO 3 Ϫ . If anion accumulation during depolarization was large enough to potentiate currents after repolarization, it should also reduce currents during the period of depolarization. In contrast, we observed a slow activation of current during depolarization. Calculation of chord conductance (using measured E GABA ) directly revealed an increase in GABA conductance during PDP. Thus, PDP of tonic inhibition is independent of changes in electrochemical driving force caused by anion accumulation.
In addition to effects on driving force, elevation of intracellular Cl Ϫ concentration increases the unitary conductance of GABA A receptors (Bormann et al., 1987; Fatima-Shad and Barry, 1993) . This cannot entirely account for PDP for several reasons. First, the increase in current was similar in experiments with low and high intracellular [Cl Ϫ ] (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material), whereas the effect of intracellular [Cl Ϫ ] on GABA A receptor conductance is greatest at low [Cl Ϫ ] (Fatima-Shad and Barry, 1993). Second, PDP was seen with levels of depolarization at which there was little net current flow (Ϫ10 to ϩ10 mV) (Fig. 5C ) and PDP was induced in low Cl Ϫ bath solutions that caused a reduction in intracellular Cl Ϫ (Fig. 10) . Third, tonic conductance continued to increase during depolarization after changes in E GABA approached a plateau (Fig. 9B) . Finally, calculations of conductance do not support a large effect of intracellular [Cl Ϫ ] on GABA A receptor conductance. In the extreme case of anion accumulation (Fig.  9B) , intracellular [Cl Ϫ ] was ϳ104 mM at baseline and approached a plateau near 180 mM during depolarization (as- Figure 9 . Time course for PDP of tonic conductance. A, Bicuculline-sensitive ramp currents. Ramp currents were recorded every 10 s, first at a holding potential of Ϫ60 mV, during depolarization to ϩ40 mV, and then after repolarization to Ϫ60 mV. Voltage ramps were fromϪ30toϩ30mVover0.5s.Illustratedcurrentsaredifferencecurrentsobtainedbysubtractingrampcurrentsrecordedinthepresence ofbicucullinefromcontrolcurrents.Bicuculline(10M)wasappliedevery30 -50s;themeanholdingcurrentinbicucullinewassubtracted from control holding current before each voltage ramp to yield tonic current amplitude. Times at which currents were measured are indicated. Reversal potentials (i.e., E GABA ) shifted toward more positive values during depolarization and recovered slowly after repolarization.Currentswererecordedinthepresenceof0.3MexogenousGABA.B,Doubley-axisplotoftonicconductance(opencircles)andE GABA (solid line) showing time course of changes produced by depolarization to ϩ40 mV (horizontal bar). Chord conductance was calculated with E GABA and tonic current measured as in A. Conductance continued to increase during depolarization to ϩ40 mV even after shifts in E GABA approached a plateau. Conductance dropped to 8.7 nS immediately on repolarization to Ϫ60 mV, before substantial recovery of E GABA , but remained above baseline values. The solid line represents a single exponential fit to the recovery portion of conductance data.C, Timecoursefortoniccurrent(opencircles)fromexperimentinAandB.Theoreticalchangesintoniccurrentthatwouldoccursolelybecause of changes in driving force produced by shifts in E GABA , assuming no change in conductance from baseline, are plotted as a solid line for comparison with experimental data. PDP of tonic current in this situation would be only 27%, which is small compared with the 257% potentiation observed experimentally. Conversely, the theoretical current amplitude using the conductance values from B but assuming E GABA remainedconstantatϪ7mVthroughouttheexperimentisillustratedastriangles.Inthiscase,PDPwouldbe178%atitspeak.Based on these calculations, changes in electromotive driving force from anion redistribution contributed no more than 10 -30% to PDP of tonic current. enous tonic currents and currents evoked with periodic GABA application. In the case of tonic currents, exogenous GABA exposure during depolarization could enhance PDP by increasing the fraction of agonist-bound receptors. This is unlikely the only effect of depolarization because currents produced with periodic application of GABA also underwent PDP, indicating persistent augmentation of receptor function independent of an increased fraction of agonist-bound receptors. Variable activation of extrasynaptic receptors by ambient GABA in cultured neurons (because of differences in cell density or geometry of cell-cell contacts) may explain why PDP of endogenous tonic current was observed in only 67% of cells compared with 100% of cells with exogenous GABA. The activation of a greater number of receptors with exogenous GABA would lead to a greater number of receptors undergoing PDP, thereby increasing the magnitude of PDP and the frequency that PDP of tonic currents was observed.
Significance of voltage-dependent tonic conductance and PDP
Our results were obtained in cell culture at room temperature, very different conditions from the situation in vivo. However, because we are studying intrinsic biophysical properties of GABA A receptors, and ambient GABA is present both in vitro and in vivo, our basic observations are likely relevant to the in vivo situation. Temperature elevations do not affect tonic current in hippocampal slice (Semyanov et al., 2003) and GABA currents in CA1 pyramidal cells are outwardly rectifying at near-physiological temperatures (30 -34°C) (Ashwood et al., 1987) . These findings suggest that the voltage-dependent potentiation we report would also be seen at higher temperatures, although we have not tested this.
Tonic inhibition regulates neuronal excitability through effects on membrane potential and input resistance. The effect on membrane potential is dependent on the chloride gradient and could be hyperpolarizing or depolarizing. Independent of polarity, tonic GABA conductance provides a shunting form of inhibition, reducing the response to synaptic inputs. This alters the input-output relationship of neurons by offsetting action potential threshold and reducing action potential frequency (Brickley et al., 2001; Mitchell and Silver, 2003; Semyanov et al., 2003; Chadderton et al., 2004; Cope et al., 2005; Bonin et al., 2007) . During high-frequency firing, when the mean membrane potential of hippocampal neurons can be Ϫ25 mV, we estimate that tonic conductance would increase by ϳ68% (for resting potential of Ϫ70 mV). Experimental and theoretical work predict this will further offset stimulus threshold and reduce the gain of action potential firing in response to excitatory synaptic inputs (Doiron et al., 2001; Mitchell and Silver, 2003) . However, recent results indicate that the primary effect of tonic conductance in CA1 pyramidal cells is to offset action potential threshold (Pavlov et al., 2009) . Voltage-dependent increases in tonic conductance may allow hippocampal neurons to rapidly adjust their inputoutput relationship in response to ongoing neural activity.
Voltage-dependent modulation of tonic conductance is magnified by its persistence after repolarization. We found that PDP occurred with patterns of depolarization similar to that experienced by neurons during ischemia and seizures. The magnitude of PDP was dependent on GABA concentration, making PDP highly relevant to these pathological conditions that involve large depolarizations accompanied by increased extracellular GABA (During and Spencer, 1993; Allen et al., 2004) . PDP of tonic conductance is well suited to provide negative feedback over seconds to minutes in these situations. Because membrane potential fluctuations do not occur uniformly throughout neurons, voltage-dependent modulation and PDP could occur within specific subcellular compartments. Potentiation of tonic inhibition in dendrites would alter synaptic integration and affect action potential propagation, similar to the effects of other ion channels, with implications for both firing rate and synaptic plasticity (Sjöström et al., 2008) .
